Somatostatin (SRIH) analogs can suppress the proliferation of human differentiated thyroid carcinoma cell lines that express SRIH receptors (SSTRs) demonstrated by radioligand binding analysis. Five distinct human SSTR subtypes (hSSTR1-5) that bind native SRIH exhibit diverse affinities to a wide range of SRIH analogs. Reverse transcriptase-PCR amplification of ribonucleic acids (RNAs) obtained from normal thyroid tissues and nine human thyroid carcinoma cell lines, grown as monolayer cultures and xenograft tumors in nude mice, were used to discriminate expression of SSTR subtype messenger RNAs (mRNAs). The cell lines were derived from a follicular adenoma (KAK-1), two follicular carcinomas (MRO-87 and WRO-82), two papillary carcinomas (NPA87 and KAT-10), and four anaplastic thyroid carcinomas (DRO-90, ARO-81, .
T HYROID EPITHELIAL carcinomas are typically treated
by surgical resection, suppression of TSH, and radioiodine ablation. Although this is effective for the majority of patients, aggressive tumors that lack the ability to concentrate iodine are lethal (1) . This has prompted us to seek alternative approaches to inhibit thyroid carcinoma proliferation. Somatostatin (SRIH) and its analogs have been shown to inhibit the proliferation of neoplastic tissues in vitro and in vivo (2) . Accordingly, we previously demonstrated specific SRIH binding to membranes of thyroid carcinoma cells and tissues. In addition, we showed discordant effects of different SRIH analogs on the growth of four different thyroid carcinoma cell lines, with two analogs producing growth inhibition, stimulation, or no effect in different cell lines (3) . As there are five distinct human SRIH receptor subtypes (hSSTR1-5), each with possibly different postreceptor actions (4 -7), further characterization of SSTR phenotypes in thyroid carcinoma cells may elucidate the effects of SRIH analogs.
To determine the expression of SSTR subtypes in normal and malignant human thyroid follicular cells, we isolated ribonucleic acid (RNA) from these cells, obtained complementary deoxyribonucleic acid (cDNA) by reverse transcription, and used PCR amplification to detect specific SSTR messenger RNA (mRNA) transcripts. Expression of SSTR mRNAs in thyroid carcinoma cell lines grown in vitro was compared to that in each cell line grown as xenograft tumors in nude mice to discriminate variations in expression due to culture conditions.
Materials and Methods

Human thyroid carcinoma cell lines, xenografts, and normal thyroid samples
Five human thyroid epithelial carcinoma cell lines, provided by Dr. Guy J. F. Juillard (Department of Radiation Oncology, University of California-Los Angeles School of Medicine), were derived from a papillary carcinoma (NPA87), two follicular carcinomas [RO 82-W-1, "WRO82" (8) , and RO 87-M-1, "MRO87"], and two anaplastic carcinomas (UCLA RO 90-D-1, "DRO90," and ARO81). Additional cell lines, KAK-1 (follicular adenoma) (3, 9), KAT-10 (papillary carcinoma), and KAT-4 and KAT-18 (both anaplastic carcinomas), were grown from cultured samples of thyroid epithelial tumors from fresh surgical pathology specimens obtained in the course of routine surgical care of patients. Sterile tumor samples were minced in RPMI 1640 medium with Dispase (Boehringer Mannheim, Indianapolis, IN), medium was removed by centrifugation and aspiration, and cells were plated in RPMI 1640 medium with 10% FBS (both from Life Technologies, Gaithersburg, MD) in flasks. After two or three passages of growth at 37 C in a humidified atmosphere of 5% (vol/vol) CO 2 in air, with medium changed every 3-6 days, cultures were treated for 4 weeks in medium containing d-valine (10) and cis-4-hydroxy-l-proline (11) to ensure elimination of fibroblasts. Cell lines were screened for mycoplasma by hybridization to a DNA probe (Gen-Probe Mycoplasma Rapid Detection System, Fisher Scientific, Pittsburgh, PA). Normal human thyroid tissues were obtained from fresh surgical samples of normal contralateral lobes of nonmalignant thyroid disease.
Suspensions of 1 ϫ 10 6 cells in RPMI 1640 medium were injected under the skin of one flank of 7-week-old nude mice (Harlan SpragueDawley) for each of seven cell lines: DRO90, ARO81, KAT-4, NPA87, KAT-10, KAK-1, and MRO87. When tumors reached sufficient size, they were removed and processed to extract RNA.
RNA isolation and cDNA synthesis
RNA was isolated from cell monolayers using Tri-Reagent (Molecular Research Center, Cincinnati, OH) according to the manufacturer's protocol. Tissues from surgical samples or xenograft tumors were homogenized in the same reagent using a Tissumizer (Tekmar, Cincinnati, OH) before RNA isolation. Isolated RNA was dissolved in ribonuclease-free water and treated with ribonuclease-free deoxyribonuclease I (Boehringer Mannheim) for 30 min at 37 C and then at 95 C for 15 min. The RNA concentration was assessed by ultraviolet spectrophotometry. Complementary DNA was made from 0.5-g RNA samples using the 1st Strand cDNA Synthesis Kit (Clontech, Palo Alto, CA) with random hexamer priming in a total volume of 20 L. cDNA was stored at Ϫ80 C until used.
PCR amplification of SSTRs
Optimal conditions for amplification of each SSTR were determined using the Invitrogen PCR Optimizer Kit (Invitrogen, San Diego, CA) and SSTR plasmid DNA as positive controls. Plasmid DNA for SSTR1-4 was kindly provided by Dr. Graeme I. Bell (University of Chicago, Chicago, IL), and SSTR5 plasmid DNA was provided by Dr. Yogesh C. Patel (McGill University, Montreal, Canada). PCR amplification of cDNA using primers specific for ␤-actin (Stratagene, La Jolla, CA), followed by agarose electrophoresis and ethidium bromide staining, provided confirmation of integrity of the cDNA and absence of contaminating genomic DNA, as ␤-actin cDNA produced a 641-nucleotide band whereas ␤-actin genomic DNA produced an 857-nucleotide band. PCR reactions contained 2.5 mmol/L dNTPs, 0.2 g TaqStart Antibody (Clontech), 0.25 g of each primer, 1 U AmpliTaq DNA polymerase (PerkinElmer, Norwalk, CT), and 1 g cDNA. PCR buffers contained 3.5 mmol/L MgCl 2 at pH 9.0 for ␤-actin, SSTR3, and SSTR5, whereas SSTR1 PCR buffer contained 2.5 mmol/L MgCl 2 at pH 9.0, SSTR2 and SSTR4 PCR buffers contained 3.5 mmol/L MgCl 2 at pH 9.5, and SSTR4 PCR buffer additionally contained 10% (vol/vol) dimethylsulfoxide (Sigma Chemical Co., St. Louis, MO). An initial denaturation step at 94 C for 5 min was followed by 35, 40, or 45 cycles (in different amplification reactions) of 1 min at 94 C for denaturation, 2 min for annealing, and 30 s at 72 C for extension. Annealing temperatures were 62 C for ␤-actin and SSTR1-3, 58 C for SSTR4, and 68 C for SSTR5. A final extension reaction was performed for 10 min at 72 C. Priming sequences were as follows (upstream 5Ј to 3Ј/downstream 5Ј to 3Ј): SSTR1, CGAAATGCGTC-CCAGAACGG/GGTTTACTACCTTGGCCACG; SSTR2, TGGAAGC-CACACATGGCTAT/CCATCCACAGTCATGACCAC; SSTR3, CATG-GACATGCTTCATCCAT/CATGACCAGGCGGCACATGA; SSTR4, GCATGGTCGCTATCCAGTGCA/GTGGTCGCAGAAGACAGAGTG (12); and SSTR5, AACACGCTGGTCATCTACGTGGT/AGACACTG-GTGAACTGGTTGAC (12) . The PCR products for hSSTR1-5 were 409, 342, 361, 275, and 211 nucleotides, respectively. PCR products were electrophoresed on 2% agarose gels, stained with ethidium bromide, and photographed with UV illumination.
Results
SSTR mRNA expression in normal thyroid tissues
Five distinct samples of normal thyroid tissue obtained from surgical specimens from five patients yielded sufficient RNA for generation of cDNA and analysis of SSTR subtypespecific cDNA by PCR. Identical samples were subjected to 35, 40, and 45 PCR amplification cycles in different reactions to provide relative quantification of specific SSTR subtype cDNAs. Ultraviolet illumination of ethidium bromidestained agarose gels containing electrophoresed reaction products provided subjective discrimination of relative band intensities at the appropriate lane positions. Figure 1 shows the gel for one sample of normal thyroid, amplified for hSSTR subtypes 1-5 at 35, 40, and 45 PCR cycles in sequential lanes. Expression of SSTR2 mRNA was extremely low, with only a very faint band after 45 PCR cycles, whereas SSTR3 and SSTR5 showed the greatest expression. SSTR4 was not expressed, and only 1 thyroid sample revealed SSTR1 expression. As summarized in Table 1 , all five samples were positive for SSTR3, 3 of 5 were clearly positive for SSTR5, 3 of 5 were only faintly positive for SSTR2, and 1 of 5 was positive for SSTR1.
SSTR mRNA expression in follicular adenoma and carcinoma cell lines
The KAK-1 cell line is derived from a benign follicular thyroid adenoma. Reverse transcriptase-PCR results for these cells, shown in Fig. 2 , reveal expression of mRNA for all hSSTR subtypes except SSTR4. The dominant subtypes are SSTR1 and -3, as suggested by greater band intensities at lower numbers of PCR cycles. This pattern of hSSTR subtype expression was similar in monolayers of the two follicular carcinoma cell lines, MRO-87 ( Fig. 3) and WRO-82.
SSTR mRNA expression in papillary carcinoma cell lines
Two papillary carcinoma cell line monolayers, NPA87 and KAT-10 ( Fig. 4) , maintained similar patterns of hSSTR expression as follicular carcinoma and adenoma cell lines. As all cDNA aliquots were subjected to PCR for ␤-actin and produced similar intensity bands upon ethidium bromide staining of electrophoresis gels, it is likely that the reduced intensity of hSSTR bands in these cells represents generally reduced hSSTR mRNA expression compared with the other thyroid carcinoma phenotypes. 
SSTR mRNA expression in anaplastic carcinoma cell lines
Expression of hSSTR mRNAs in anaplastic carcinoma cell line monolayers is variable (Table 1) , but follows the general pattern of minimal (if any) mRNA of SSTR2 and SSTR4. DRO-90 hSSTR mRNA expression is typical of this cell type, as shown in Fig. 5 . All four cell lines were positive for SSTR1, SSTR3, and SSTR5 in varying amounts, whereas SSTR2 expression was only faint at the highest PCR cycle number in all of them. Few of the cell lines expressed mRNA for SSTR4.
SSTR mRNA expression in thyroid carcinoma cell line xenografts
Seven of nine cell lines were grown as sc xenograft tumors in nude mice. Table 1 shows their patterns of hSSTR mRNA expression compared to their corresponding monolayer cultures. The follicular adenoma cell line KAK-1 and the follicular carcinoma cell line MRO-87 expressed the same hSSTR subtype mRNAs in similar quantities when grown as monolayers and as xenografts. On the other hand, both papillary carcinoma cell lines as well as the anaplastic carcinoma cell lines (the three cell lines capable of xenograft growth) differed in hSSTR mRNA expression between monolayer and xenograft cultures. The papillary cell lines (NPA87 and KAT-10) as well as ARO-81 (anaplastic carcinoma) no longer expressed SSTR1 mRNA after growth as xenografts. Likewise, SSTR3 mRNA expression evident in monolayer cultures was lost in xenografts of KAT-10 and KAT-4. SSTR5 mRNA seen in DRO-90 monolayers was no longer detectable in xenograft culture. In general, hSSTR mRNA expression in xenografts tended to more closely resemble the pattern seen in normal thyroid tissue than that in their respective monolayer cultures. The only exception was the faint, but definite, SSTR4 expression noted in KAT-4 xenografts, which was not observed in any other thyroid cells.
Discussion
These results expand upon our earlier demonstration (3) of specific SRIH binding to membranes of normal thyroid tissues and thyroid carcinoma cell lines as well as disparate proliferative effects of different SRIH analogs on cell lines in Normal Thyroid Tissues
Does not grow as xenograft Semiquantitative assessment of ethidium bromide-stained DNA band intensity was performed after 35, 40, or 45 PCR amplification cycles. Band intensity was noted to be negative (-), faint (f), moderate (ϩ), or strong (ϩϩ). Cell lines were grown as monolayers (m) or xenografts (x) before RNA extraction for RT-PCR. monolayer cultures. We have delineated hSSTR subtypes 3 and 5 as the predominant SRIH receptor mRNAs in normal human thyroid tissues. There are no other reports of SSTR subtype expression in thyroids of any species, except for one brief statement of the absence of SSTR5 in thyroid tissue (13) , which is contradicted by our findings. Although thyroid tissue RNA is a mixture derived from follicular cells, parafollicular cells, fibroblasts, endothelial cells, and other vascular cells, it appears that the pattern of hSSTR subtype expression found in this study is representative of thyroid follicular cells, as we have shown that the follicular cell-derived carcinoma cell lines have similar expression patterns.
To date, human carcinomas have been reported to express predominantly SSTR2 (14 -20) , with limited expression of SSTR1, SSTR3, and SSTR4. SSTR5 expression in human cancers appears unique to thyroid cancer, except for a preliminary report of expression in human breast carcinomas (21) . Greenman and Melmed have reported that nonmalignant human pituitary neoplasms express SSTR5 as well as SSTR2 and SSTR3 (12, 22) (17) demonstrated SSTR2 expression in malignant carcinoids and gastrinomas, although SSTR4 and -5 expression was not analyzed. Medullary thyroid carcinomas, derived from thyroid parafollicular cells, express SSTR1 and sometimes SSTR3 (SSTR4 and -5 mRNAs were not assayed) (25) . The patterns of SSTR subtype expression seen in human thyroid carcinomas from follicular cells appear unique compared to those in other human carcinomas whether of endocrine or nonendocrine origin.
SSTR subtype expression appears to be affected by the cellular environment. In most cases, SSTR subtype expression in thyroid carcinoma cells is less restricted in monolayer culture than when grown in vivo as xenografts. For this reason, it may prove difficult to extrapolate in vitro data from cell monolayers as relevant to clinical disease without confirmatory preclinical studies using xenograft models. In addition, there was a tendency for less differentiated carcinomas to express a greater variety of SSTR subtypes. This observation is encouraging for potential SRIH analog treatment of aggressive dedifferentiated carcinomas that have no alternative effective therapies.
Most recent studies of SRIH receptors, like ours, have relied upon assessments of specific mRNAs to indicate cellular SSTR phenotypes. As Schonbrunn et al. correctly point out, expression of mRNA does not always accurately reflect the level or type of SSTR protein present. In their hands, SSTR1 mRNA expression was clearly evident in AR4 -2J pancreatic acinar cells and AtT20 pituitary cells without any functional SSTR1 protein detectable by immunoprecipitation with SSTR1-specific antibody (26, 27 (3) .
The presence of a large and expanding group of SRIH analogs with differing affinities and specificities for the five SSTR subtypes suggests the possibility of targeting antiproliferative therapies with SRIH agents based upon the expression of distinct subtypes of SSTRs. Recent studies suggest that direct antiproliferative responses are mediated by SSTR1, SSTR2, and SSTR5 (6) . Although all five receptors are coupled to adenylyl cyclase inhibition (5), current evidence suggests that SSTR-stimulated protein tyrosine phosphatase is more closely related to direct antiproliferative effects (28) . This is the mechanism found for SSTR1 and SSTR2 (29, 30) ; however, SSTR5-mediated growth inhibition appears to work via a phospholipase C/inositol phospholipid/calcium pathway without involvement of a protein phosphatase (31) . Of these antiproliferation-coupled receptors, SSTR5 and SSTR1 are the most highly and consistently expressed in thyroid carcinoma and are logical targets for subtype-specific SRIH analogs. Alternatively, SRIH analogs have been observed to cause tumor inhibition by inducing apoptosis (32) (33) (34) , although the specific SSTR subtypes responsible for this effect are not known.
Indirect antineoplastic effects of SRIH analogs may be mediated through inhibition of peritumoral angiogenesis. Analysis of tumor-associated vessels suggests predominant expression of SSTR2 (35, 36) and in vitro treatment with octreotide significantly inhibits human endothelial cell cultures (37) . In this way, the absence of significant SSTR2 expression in thyroid carcinomas may not rule out the use of SSTR2-specific SRIH analogs for antiproliferative therapy. This mechanism would not be discernible through in vitro studies of thyroid carcinoma cells and may not be observed in xenografts because peritumoral vessels would be of nonhuman origin.
The sparse expression of SSTR2 mRNA in most thyroid carcinoma cells suggests that SSTR2-specific analogs, such as octreotide (38 -40) , would have little direct antineoplastic activity. This is supported by negative clinical trials of this agent in five cases of differentiated metastatic thyroid cancer by both Zlock et al. (41) (42) , although it is possible that the scans were detecting peritumoral vessels or tumor-infiltrating lymphocytes. Our previous in vitro study of thyroid carcinoma cell monolayers demonstrated the absence of significant antiproliferative activity of octreotide, although growth promotion was noted in some conditions (3) .
This study suggests the need for evaluation of SSTR5-specific SRIH analogs as antineoplastic agents for human thyroid carcinoma. At present, there are no SRIH analogs with specific potency for binding to SSTR1. Although SSTR5-specific analog candidates have been proposed, evaluation is complicated by profound disagreements between investigators relating to species specificity and expression systems in determining analog binding affinities to cell membranes expressing transfected SSTR5 (38, 39) . The native precursor, SRIH-28, seems to have greater affinity for SSTR5 than SRIH-14 in some studies (38, 40) , but is without any binding advantage in others (39) . Likewise, synthetic analogs such as BIM-23268D (40), L-362,855 (BIM-23208D) (13, 39, 40) , DC-23-99 (BIM-23052) (43) , and BIM-23059 (38) have been proposed as SSTR5-selective agonists in different and sometimes conflicting reports. Ongoing investigations, in vitro and in vivo, should serve to resolve these questions and provide preclinical data defining appropriate agents for clinical trials.
